This paper suggested multicriteria based evaluation tool to assess the sustainability of three different reaction routes to dimethyl carbonate: direct synthesis from carbon dioxide and methanol, transesterification of methanol and propylene carbonate, and oxidative carbonylation of methanol. The first two routes are CO 2 -based and in a research and development phase, whereas the last one is a commercial process. The set of environmental, social, and economic indicators selected were renewability of feedstock, energy intensity, waste generation, CO 2 balance, yield, feedstock price, process costs, health and safety issues of feedstock, process conditions, and innovation potential. The performance in these indicators was evaluated with the normalized scores from 0 to +1; 0 for detrimental and 1 for favorable impacts. The assessment showed that the transesterification route had the best potential toward sustainability, although there is still much development needed to improve yield. Further, the assessment gave clear understanding of the main benefits of each reaction route, as well as the major challenges to sustainability, which can further aid in orienting development efforts to key issues that need improvement. Finally, it was concluded that a multicriteria analysis such as the one presented in this paper was a viable method to be used in the process design stage.
Introduction
In the last decades, sustainable development has become the cornerstone of environmental policy and a leading principle for resource management. The widely used definition of sustainable development is that of the United Nations' Brundtland Commission [1] : "Development that meets the needs of the present without compromising the ability of future generations to meet their own needs. " In corporate terms, sustainability can be summarized as the "triple bottom line" (TBL) success [2] , which implies that firms have to maintain and grow their economic, social, and environmental capital base, while actively contributing to sustainability in the political domain [3, 4] .
One of the key challenges of sustainable development is that it demands new and innovative choices and ways of thinking. Innovations in technology are challenging organizations to make new choices in their operations, products, and activities that impact the earth and people as well as economics [5] . There is, however, no standard method for measuring the triple bottom line success of technological innovations at the design phase and the principles to achieve sustainability by themselves are insufficient to create the right framework for design towards sustainability [6] . It would be useful to have a screening tool to assess how a new product or process under development would perform in terms of sustainability, or compared with a commercial process. Although there are various international efforts to measure sustainability, only a few of them have an integral approach taking into account environmental, economic, and social aspects. In most cases, the focus is on one of the three aspects [7] . For example, Life Cycle Assessment (LCA) is used to evaluate the environmental performance of products, 2 Journal of Chemistry but it concentrates on environmental impacts only [8] . As well, environmental impact assessment (EIA), a procedural tool for the design phase, only evaluates the environmental implications of decisions [9] .
In order to fully evaluate the sustainability of new process routes, there is a need for a comprehensive evaluation of the environmental, economic, and social impacts of these new routes at an early process design stage. The paper suggests using multicriteria assessment for sustainability assessment and demonstrates its use in assessing a novel carbon dioxidebased reaction route to dimethyl carbonate (DMC).
Sustainability Assessment Methodologies
There are a number of sustainability assessment methodologies evaluating the performance of industrial facilities. The World Business Council for Sustainable Development [10] , the Global Reporting Initiative [5] , and development of standards [11] are key drivers for adopting sustainability management in industries.
The most extensive work in terms of sustainability assessment has been done by the Global Reporting Initiative (GRI). GRI is a nongovernmental organization that aims at driving sustainability and has developed an environmental, social, and governance (ESG) reporting framework to be used worldwide. GRI version 4 on Sustainability Reporting Guidelines defines the principles and indicators that organizations can use to measure and report their economic, environmental, and social performance. Many companies use these indicators while publishing their annual or environmental reports. GRI is committed to continuously improve and increase the use of the guidelines which are available to the public [5] .
The American Institute of Chemical Engineers (AIChE) has defined the AIChE Sustainability Index (SI) to measure the sustainability performance of representative companies in chemical industry [12] . The AIChE SI uses publicly available data on the companies' strategic commitment, sustainability innovation, environmental performance, safety performance, product stewardship, social responsibility, and value chain management to measure their sustainability performance. Metrics to measure the "greenness" of the companies' chemistry have been developed by the American Institute of Chemical Engineers' Center for Waste Reduction Technologies (AIChE/CWRT) assessing material intensity, energy intensity, water consumption, toxic release, and pollutant effects. The metrics developed are simple, understandable, easy to reproduce, and comparable [13] . They take into notice also the social aspects of sustainability by considering the health effects the chemicals used/produced have. However, they are developed for companies and are adjusted for existing process improvements rather than for a new process design.
Similarly, the Institution of Chemical Engineers (IChemE) has developed a set of metrics to enable process industry companies to measure and report progress along the path of sustainable development [14] . The Sustainable Development Progress Metrics are intended to help companies to set targets and develop internal standards and to monitor their progress in time [15] . The IChemE metrics are divided into environmental, economic, and social indicators. The environmental indicators are concentrating on resource use by considering how much energy, material, and water are consumed and land is used. Also atmospheric, aquatic impacts, and impacts on land caused by emissions, effluents, and waste are taken into notice. The economic indicators are concentrating on the profit gained, value added and taxes paid, and investments made by the company. The social indicators are considering the employment situation, health and safety at work, and also impacts to society. Not all the metrics proposed are valid in every case and it is up to the companies to decide which of the metrics are relevant for them. Key indicators have to be chosen from each of the aspects of sustainability to give a balanced view of the sustainability performance [15] . Whilst the IChemE metrics account for all three aspects of sustainability, they are meant as a sustainability management tool for companies, aiming at enhancing their sustainability performance, and are not suitable for assessing processes under development.
In terms of sustainability guidance for chemicals and chemical process design, Green Chemistry was developed to reduce or eliminate negative environmental impacts [16, 17] . The 12 Principles of Green Chemistry have been a cornerstone of environmentally conscious chemical process design since the late 1990s. Green Chemistry had been suggested to be used as a pollution prevention tool as it applies innovative scientific solutions to real-world environmental situations [18] . However, the assessment range of Green Chemistry does not cover the full depth of sustainability. As it was its original purpose, its emphasis is on reducing the toxicity of chemical products and driving inherently safer chemistry.
Protection of human health and the environment from chemicals and associated risks is also the goal of the European REACH (The Registration, Evaluation, Authorization and Restriction of Chemicals) regulation, which came into force in 2007. It renewed and upgraded the previous chemicals regulatory framework of the European Union (EU) [19] , in order to ensure that there is free circulation of substances on the internal market and to enhance competitiveness and innovation. REACH confirms that industries are responsible for both assessing and managing the risks associated with chemicals, giving suitable safety information of chemicals to users, and promoting alternative testing methods [20] . About 143 000 chemicals marketed in the EU were preregistered by the December 1, 2008, deadline in REACH. The registration document of chemicals under REACH includes general information, safety data sheets (SDS), chemical safety report (CSR), and chemical safety assessment (CSA). Testing for health hazards under REACH includes acute toxicity, skin corrosion and irritation, serious eye damage and irritation, skin or respiratory sensitizer effect, mutagenic or carcinogenic impacts, toxicity for reproduction, specific target organ toxin in single exposure, specific target organ toxin in repeated exposure, and aspiration hazard [21, 22] . Table 1 summarizes some of the main evaluation guidelines or indicators used in the mentioned assessment processes. All methods outlined in Table 1 take into notice some key aspects of sustainability and clearly intend to evaluate triple bottom line success. Indicators that are possible to assess in the design phase and would give a good signal of sustainability performance are bolded. In terms of sustainability assessment of chemical processes in the design phase, Green Chemistry is the most thorough; however, should it be used to assess sustainability, it is recommended to extend it with social and economic indicators of GRI, AIChE, and IChemE to give a comprehensive measure of sustainability.
Following the recommendation of IChemE, we selected key indicators from each of the aspects of sustainability to give a balanced view of the sustainability performance. The suggested indicators are as follows: These indicators were selected as they can be assessed based on reaction routes as well as laboratory scale experiments and thermodynamic simulations. We propose that these 10 indicators are a necessary and sufficient set of meters for screening purposes at the design phase and give a balanced view of chemical process sustainability.
Assessment of DMC Production Routes
Dimethyl carbonate (DMC, (CH 3 ) 2 CO) is an important chemical intermediate that can be used as a fuel additive and a polar solvent in the chemical industry. The production of DMC has received increasing attention over the least years [23] [24] [25] [26] [27] [28] . There are several methods for the synthesis of DMC, such as phosgenation of methanol, oxidative carbonylation of methanol, transesterification method, and esterification of carbon dioxide with methanol [29] [30] [31] . In this paper, three reaction routes for DMC synthesis are evaluated. The reaction routes are outlined in Table 2 . All three routes provide a safer alternative for the primary synthesis pathway, the "phosgene route" COCl 2 + 2CH 3 OH → (CH 3 O) 2 CO + 2HCl. The use of phosgene route is phased out from the commercial processes, as phosgene is one of the most acutely toxic substances used in industrial scale. As this route presents inherent hazards and potential environmental problems in handling and waste disposal [23] , it is crucial that it is replaced by a more sustainable method.
Route A is currently in academic research phase. This route is particularly attractive for being CO 2 -based. Generally speaking, carbon dioxide (CO 2 ) can be considered as an environmentally friendly and widely available feedstock, available as a waste emission of industrial processes. Chemical utilization of CO 2 for DMC manufacture would be a means to turn this waste into a nonwaste, allowing us to view CO 2 as a useful resource. It has been reported earlier that CO 2 -based synthesis processes are meeting many of the provisions for environmental, economic, and social sustainability [32] . Therefore, much academic research has concentrated on the search for benign by design synthesis involving CO 2 as a raw material [33] . The synthesis of carbonic esters is one example [34] . The expectation is that the CO 2 -based DMC production routes have significant potentials toward sustainable production. However, there are also numerous challenges of CO 2 utilization [32] ; therefore, long-term research efforts for acquiring the necessary knowledge in its chemical reactivity are needed.
Route B is also an attractive "carbon-friendly" route, due to using CO 2 as a reaction feedstock. However, the complexity of a two-step process, the use of toxic propylene oxide, and the coproduction of propylene glycol make this process demanding. The challenge in both Routes A and B is that scale-up of the production would not be economically feasible at the moment.
The commercial route (ENiChem), Route C, is based on the catalytic oxidative carbonylation of methanol. It offers operational and environmental advantages, for example, fewer side products, better atom economy, and safer production comparing to the phosgene route [23, 33] but it is not responding to the current demand of DMC.
In terms of "measuring" innovation potential, we performed a literature review using a simple keyword search in Science Direct to evaluate the volume of publications and calculated the percentage of recent publications (2012 or later) of the 50 most relevant publications. Our reasoning is that the volume of publications is indicative of the level of knowledge potential, and the high percentage of recent publications indicates intensified academic interest, which will contribute to the renewal of science and is more likely to drive innovation.
Process Simulations
Mass and energy balances of process routes were calculated by Aspen Plus simulations. Process flow sheets are presented in Figures 1 and 2 . In order to make comparison of processes simple and appropriate the flow sheets were designed as similar as possible. Processes A and C consist of a reactor, gas separation unit, flash separator, and two columns. Process B 
Assessment Process for Reaction Routes
The assumptions for all 3 reaction routes used in the assessment are summarized in Table 6 and the simulation results are gathered in Table 7 . Process details (reactants, products, solvents, wastes, catalyst, temperature, pressure, conversion, and selectivity) were taken from the articles or/and academic theses [25, [35] [36] [37] [38] [39] . In addition, in Table 6 also the data for the literature review was included.
In reaction Route A, fossil fuel based raw materials are used, where it is assumed that methanol is produced with carbon monoxide (CO), CO 2 , and hydrogen (H 2 ). Reaction Route B uses oil refinery products and CO 2 as raw material. In reaction Routes A and B, commercial catalytic materials are under development. The academic research toward reaction Route A uses calcined hydrotalcite on hexagonal mesoporous silica (CHT-HMS) as a catalyst with an IL promoter. In reaction Route B, ion exchange resin and ionic liquid (IL) are used as catalyst material. Finally, in Route C, commercial copper chloride catalysts are used. Catalytic materials for routes under development should be chosen for the assessment in order to minimize the environmental impact of catalyst materials, that is, enhancement of reaction activity and selectivity and stability of the catalyst, as well as environmentally benign catalytic materials.
In reaction Routes A and B, optimal reaction conditions such as temperature and pressure are not yet resolved as these routes are still under development; however, they are expected to be rather high and supercritical CO 2 is used. Reaction conditions should further be developed so that temperature and pressure are optimized at a lower level to minimize risks and environmental impacts. Reactions in Route C are using lower pressure, but higher temperature. The environmental benefit of this is to be highlighted, when compared with routes under research.
In reaction Routes A and C, only water is produced as a by-product. In Route A also small amounts of methylformate are produced. In Route B, toxic propylene glycol is produced. Propylene glycol is valuable from a commercial point of view; however its possible utilization needs to be considered at the design phase.
Atom economy is the best for the methanol-based reaction Routes A and C. However, it needs to be assessed if the atom economy benefit overweighs other impacts of the reactions. Reaction route C uses CO as a raw material, the production of which is rather energy demanding. In reaction Routes A and B, the yield is very low because of low conversion of methanol. This highlights the need for research for more efficient catalyst materials.
Prices of feedstock were acquired from chemical suppliers. Total operating costs were calculated by summing prices of feedstock and energy consumption of the process. Energy consumption of the process (MJ) was converted to euros by rate of 0.27 e/MJ (Eurostat). Capital costs were left out of considerations because all the cases are quite similar, and thus they were assumed to be equal in capital costs.
Sustainability Assessment of DMC Routes
Sustainability assessments are multicriteria based evaluations, which necessitate the inclusion of a wide variety of data typology with various certainty degrees. In this paper, we use multicriteria assessment (MCA) to perform the evaluation of the three DMC routes. Various multicriteria decision analysis methods have been put forward as an excellent candidate to perform sustainability assessment recently, and a variety of applications have emerged [40] . MCA is formal approach that takes into account multiple criteria in order to help making decisions that matter [41] . MCA stands in contrast to single goal optimization and approaches which, when using "unifying units, " may offset poor performance of one criterion by good performances of another criterion, therefore allowing for substitution and compensability between criteria [42] .
MCA methods require data to be normalized in order to obtain comparable scales. A common method is the ratio normalization that attributes value 1 to the best performance on a criterion and a proportional value to the other performances [43] . The objective of this method is to provide an easy to use screening tool for assessment and comparison in the design phase, in order to point out key aspects that need to be improved on or further explored. In some cases, we have amended this method in a way that the most preferred performance was valued 1 while detrimental performance was valued 0 and, if applicable, the third value normalized in between. In some cases we were reduced to qualitative evaluation, assigning 1 for best, 0 for worst, and 0.5 for medium values. Table 8 lists the normalized values of selected indicators. Routes B and C use one-third of raw materials from oil refinery products, and 50% of raw materials in Route A are renewable. Values are normalized accordingly. In terms of energy demand, Route B releases 746.3 MJ energy, while reaction Routes A and C consume energy. We assigned Route A (1152.2 MJ/DMC production) a 0 value, to route B the value 1, and normalized the consumption of Route C (131.5 2 MJ/DMC) to the value 0.54. Only Routes A and B are CO 2 -based. Route C has therefore no direct CO 2 implication. Route B consumes CO 2 , while Route A generates it. We assigned Route B the value of 1 and Route C value 0 and normalized Route A in between. In case of wastes, Routes B and C produce no wastes, while Route A produces low 6 Journal of Chemistry The water generated in the process can be chemically trapped as discussed by Eta et al. [44] and thus the equilibrium can be shifted in the forward direction for a higher yield of DMC. The feedstock costs of raw materials for Route C are highest, and therefore it is valued 0; for Route A the costs are the lowest, thus valued 1, and route B has a normalized value of 0.67. The real processing costs are difficult to assess for Routes A and B, which are in the design phase; therefore, theoretical figures of operational costs were used. The assessment was based on the composite costs of feedstock and energy, divided by the amount of produced DMC. Based on this, Route C is the most expensive (0), Route A is the cheapest (1), and Route B is moderate and has normalized value 0.3.
For process conditions, the process temperature and pressure were evaluated. Room temperature (21 ∘ C) and atmospheric pressure (1 bar) were considered the safest, which would be valued 1. We assigned 0 for highest temperature
150
∘ C (Route B) and the highest pressure 150 bar (Route A) normalized the other values, 50 ∘ C in Route A 0.61 and 120 ∘ C in Route C 0.07 and 140 bar in Route B 0,07 and 27 bar in Route C 0,92. These values were multiplied for a composite value. Health and safety issues are most severe for reaction Route C (0) due to the use of CO, less severe for Route B (0.5) that is using organic solvents, and benign in the case of Route A (1). Innovation potential was valuated based on the volume of articles published on these production methods and the percentage of recent papers. Most articles were written on subject related to Route A but only 20% of the relevant were recent, indicating a receding interest. In case of Route B, the volume of publications is moderate, but 50% of the most relevant are recent, which indicates this is of rising scientific relevance. The innovation potential of Route B was evaluated highest (value 1) and Route A was normalized to 0.8, while Route C with the fewest volume and least recent publications was valued 0.1.
The results of this comparative assessment are presented in Figure 3 . Route B (red line) seems to be the most positive from environmental and social points of view; the only negative issue is the relatively highest safety risk in terms of process conditions, but it performs best in terms of low energy consumption and CO 2 balance as it consumes CO 2 . Route A (blue line) seems to have some potential toward economic and social sustainability; however, in terms of environmental sustainability, it has some shortcomings, such as high energy consumption and waste generation. The commercial process (green line) performs best in terms of yield, which is expected from a mature process; however, it has the worst social sustainability performance and it is also based on nonrenewable feedstock. Table 9 summarizes the benefits and challenges of the three routes. In summation, it can be asserted that Route B has the best potential toward sustainability, although there is still much research needed to improve yield and conversion and thus reduce the amounts of wastes. In this case, use of a better catalyst would be further useful and add to sustainability positively. As its shape also indicates, Route A is very conflicting, as it has almost equal amounts of positive and negative factors. Many of the challenges are, however, difficult to overcome, such as the use of nonrenewable feedstock and yield stemming from low theoretical atom economy. In the commercial process (Route C), the toxicity of the reactant and the high feedstock price and production cost are failings that may not be further improved.
Conclusions
In order to drive sustainability in the chemical industry, there is a need for a methodology capable of assessing the impact of new choices in products, processes, and operations at the design phase. Most sustainability assessment methods are meant to be tools of sustainability management on the corporate level. There are tools available to assess the 8 Journal of Chemistry environmental performance of products, such as Life Cycle Assessment; however they do not take into account economic and social implications. For the assessment tool presented in this paper, the principles of Green Chemistry were used as the basis of evaluation. The objective of Green Chemistry to promote safer chemistry is its strength in terms of driving sustainability, but it also has some limitations. It was meant to provide guidelines for design rather than being an assessment or a screening tool. Sustainability assessments are multicriteria based evaluations; therefore, we used multicriteria assessment (MCA) to perform the evaluation of the three DMC routes. Cross-referencing the Green Chemistry principles with established sustainability assessment and reporting methods (Global Reporting Initiative, AIChE, IChemE, and REACH), this paper suggested a manageable list of factors considered necessary and sufficient to gain an overview of impacts toward sustainability. The renewable nature of feedstock, energy intensity, CO 2 balance, and waste generation were evaluated as environmental indicators. To assess economic performance, yield, price of feedstock, and process and production costs were selected. In terms of social sustainability, process conditions and chemicals safety were assessed, the latter using the guidelines of REACH. In addition, innovation and knowledge potential was assessed based on the volume and novelty of scientific publications recently published. It was argued that these factors could be assessed based on reaction routes, laboratory scale experiments and results, as well as thermodynamic simulations. As MCA methods require data normalization, we used the common method of 0-1 attribute values, 1 being the best and 0 the worst.
Of the three reaction routes to DMC, two are CO 2 -based still in a research phase. The assessment indicated that transesterification has the best potential toward sustainability, although there is still much research needed to improve yield and selectivity. Direct synthesis from CO 2 and methanol has many positive attributes, but an almost equal amount of negative factors. The commercial process, oxidative carbonylation, has performed worst in terms of sustainability, the toxicity of the reactant, and the high feedstock cost providing the major limitations to further improvement.
It can be concluded that the assessment allowed pointing out the main benefits of each reaction route, as well the major challenges to sustainability. This can further aid in orienting development efforts to key issues that need to be improved. Further, it can be asserted that, of the established sustainability tools our method builds on, Green Chemistry holds the most potential for chemical industry research and development. Green Chemistry is well known and trusted amongst chemical engineers and has practical tools and guidelines developed for process designers. Finally, it is suggested that multicriteria assessment can be used as a sustainability assessment method in the process design stage. Safety data sheet CSR:
Chemical safety report CSA:
Chemical safety assessment.
